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Abstract 

The dynamics of charged particle beams interacting with laser beams and material targets in storage 
rings is presented. Formulas for the radiative damping, quantum excitation and equilibrium parameters 
of ion and electron beams determined by the backward rayleigh and backward compton scattering are 
derived. General case is considered. It takes into account the possibility of the periodical displacement 
of the laser beam in the radial direction with varying velocity in the process of the interaction of the 
beams and includes the possibility of the description of dynamics of muon beams interacting with 
material targets in storage rings (enhanced ionization cooling). The example is considered and some 
applications of being cooled beams are discussed. 

1 Introduction 

The backward compton or rayleigh scattering of laser photons by elementary or complicated particles 
(electrons, protons, ions) in storage rings results simultaneously both to radiative damping and to quan- 
tum excitation of amplitudes of betatron and phase oscillations of these particles. There is an analogy 
of these processes with the influence of synchrotron radiation on dynamics of particles in storage rings. 

The spectral-angular characteristics of radiation scattered by an ion and electron beams are identical. 
Therefore the equilibrium transverse emittances and damping times of amplitudes of betatron and phase 
oscillations of particle beams as a function of parameters of the storage ring, charge and mass of particles 
are identical. However there is a difference in the coefficients of proportionality of the longitudinal emit- 
tances. In the relativistic case the maximal hardness of scattered radiation according to the relativistic 
doppler effect is 47 2 times higher then the hardness of the laser radiation, where 7 = l/yl — j3 2 is a 
relativistic factor of a particle; (3 = v/c, relative velocity of particles. Therefore the hardness of the non- 
resonance radiation scattered by an electron is proportional to Aj 2 . At the same time ions are resonant 
systems. They are excited by photons of a laser beam, and rescatter them later. The nonmonochromatic 
laser beam is used in order to ions of different energies scattered laser photons independently on their 
energy. In this case the energy of laser photons interacting with ions at resonance is inversely proportional 
to 27. Therefore the hardness of radiation scattered by these ions is proportional to 2j. The difference 
in the dependence of hardness of radiation scattered by electron and ion beams on their energy leads 
to the difference 2 times in the expressions for equilibrium energy spreads, longitudinal and transverse 
radial-phase dimensions of ion and electron beamsQ. 

In this paper the detailed calculations of the equilibrium dimensions, energy spread, the time of 
radiative damping of amplitudes of betatron and phase oscillations of the particle beams interacting with 

1 Non-resonant crossection of scattering of laser photons by ions is 10-15 orders less then the resonance one. 



the laser beams in storage rings are presented. General formulas are received for the non-stationary 
case, when the laser beam is displaced with some velocity in the radial direction relative to the beam of 
particles and such a way the degree of overlapping of beams is changed. The calculations are carried out 
in the assumption, that the displacement of the vertical position of the exited ions for their life-time can 
be neglected. The received results include the possibility of the description of muon beam dynamics when 
material targets are used in storage rings (ionization cooling). The example is considered to estimate 
the possible range of energies of electron storage rings and hardness of laser and scattered radiation 
proceeding from necessary life-time of the electron beam in the storage ring. Some applications of the 
being cooled beams are discussed. 

The parameters of the particle beams for stationary conditions of interaction of laser and particle 
beams were derived in papers (l], |2| for ion beams and in the paper || for electron beams. Dynamic 
conditions of interaction were investigated for the case of switched off the radiofrequency system of the 
storage ring in the paper §. 

2 Radiative effects in laser-electron and laser-ion storage rings in sta- 
tionary conditions 

Below we will present in the general form a derivation of basic equations describing the dynamics of 
interaction of particles with a laser beam in storage rings and then we will discuss the losses of particles 
caused by multiple scattering of the laser beam photons and intrabeam scattering. The maximal stored 
current limited by coulomb repulsion of particles in the beam will be discussed as well. 



2.1 The equilibrium vertical dimension of a particle beam 

The dependence of a distance of a particle from the instantaneous orbit of the storage rings in the vertical 
direction is described by the equation 

z(s) = A z (s) cos £(s), (1) 

1 /2 

where A z (s) = C z q(5 z (s) is the amplitude of particle oscillations; £(s) = Jq ds/(3 z (s) + £,o, phase; C z o, 
£o> constants determined by the initial conditions; (3 z (s), /3-function of the storage ring; s, longitudinal 
coordinate || - @]. The derivative 

The square of the amplitude of vertical betatron oscillations, according to (1), (2), can be expressed 
through the initial conditions zq, z = dz/ds\ s=So in some point sq 

Al[s) = ^Al (s), A\ = + - |f^o) 2 , (3) 

Pz *Pz 

where (3 z q is the value of the vertical /3-function in a point sq. Further we will take into account the 
quantum nature of the interaction of particles with the laser beam. 

At the moment of a photon scattering the coordinate of the particle is not changed (5z = 0). If a 
photon is emitted in a direction of a particle velocity, then the momentum and inclination angle of the 
particle trajectory is not changed as well (5z = 0). Therefore in the case of vertical oscillations the 
particle emission of a photon leads to a change of its trajectory only in the case, when the photon is 
emitted under some angle to its velocity. 
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If photon is scattered at some angle 9 ^ to a vector of velocity of a particle and at the scattering 
point (5 ZSC = 0, then the change of the square of the amplitude of vertical betatron oscillations of the 
particle in a point of scattering 

AA 2 zsc = (3 2 zsc [2z' sc 5z +(5z')% (4) 

where 

6z± = — sin 9 cos <j), (5) 

Tluj is the energy of scattered photon; e s , the equilibrium energy of the particle. 

The rate of growth of a square of the amplitude of vertical betatron oscillations of particles A z i 
caused by quantum processes of scattering of laser photons is 

dA 2 r dN 2 

where d 2 N^/dodt = fdN^/do is the angular distribution of the flow of scattered photons; /, the frequency 
of the revolution of a particle at the orbit of the storage ring; do = sin 9d9d(p, the element of a solid 
angle; 9, the angle between the laser beam axis and the direction of observation; cf>, the azimuth angle; 
dN^/do = (l/huj)(de rad /do), de rad /do = e rad F(9, (ft), e rad , the energy of the particle being lost at the 
passage of the laser beam (see section 2.4); F{Q,4>), the normalized angular distribution of the scattered 
radiation (J F(9,<p)do = 1). For circular and linearly polarized in the plane of the particle orbit laser 
beam radiation in the conditions of dipole radiation H 



F(9,, 



1 sin 



2 , 



,cp 8tt 7 41 (1 -P cos 9) 3 2 7 2 (1 -/3cos0) 5j ' 



. . 3 , 1 sin 2 6 cos 2 4> i (7 ~, 

*V><t>np - g^I l£ _ pcos0)3 - 7 2 (1 _ £ cos 0)5 J" W 

From equations (4), (5), (6) and the dependence of the frequency of scattered radiation on the angle 
uj = ll>l(1 + f3)/(l — (3cos9) follows a general expression for the rate of growth of a square of amplitude 
of vertical betatron oscillations of a particle caused by scattering of photons in an interaction region 

dA* 1 _ hu, L {l + 0)P nd f sin 2 9cos 2 <P 

where P rad = fe rad is the power of the radiation scattered by the particle; /3 2SC , the vertical /3-function 
at the interaction region of the laser and particle beams. It is supposed, that along the length of the 
interaction region and along the length of a free path of ions in the exited state the change of /3-function 
and the displacement of the ion vertical position can be neglected. At the derivation of (8) we took into 
account that at the averaging the first term in (4) tends to zero. 

According to (7), (8) in the specific case of dipole scattering the rate of growth of the square of 
amplitude of particle oscillations does not depend on the kind of polarization of laser radiation and has 
linear time dependence 

dt ~ 5e 2 A L P*WW W 
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Within the framework of the classical electrodynamics the electromagnetic radiation is emitted in the 
direction of the velocity of a particle and it is not accompanied by a radiative damping of amplitudes of 
vertical betatron of oscillations. The damping arises at the acceleration of particles in the high-frequency 
resonator. In this case particle changes longitudinal component of momentum only, and consequently 
the angle of an inclination of a trajectory 

, , qU m cos tp , £ r s ad 

0*2 = ~ z sc 1 - ~ z sc — , ( 10 ) 

£s Es 

where q is the charge of a particle; U m and (p, amplitude and phase of the accelerating voltage at the 
moment of passing by the particle of the resonator; e r s ad , the energy, emitted by equilibrium particle 
at one passing of the laser beam. We took into account, that if the equilibrium energy of particles in 
the storage rings is not changed, then the radiation losses of the energy by a particle are equal to its 
energy increment in the resonator. In this case in average qU m cos 92 = qU m cosip s = e r s ad , where (p s is the 
equilibrium phase. The change of the square of amplitude of vertical betatron oscillations of a particle 
in region of the location of the resonator can be presented in the same form (4), if we will put (3 zr f = 0, 
where now f3 zr f is the value of the vertical /3-function in this region. 

From (4), (10) the expression for the rate of damping of the square of the amplitude of vertical 
betatron oscillations of a particle caused by the change of its energy in the resonator 

^hl = f AA 2 z = -A 2 z ^. (11) 

dt J 2 z e s v ; 

We put = at the region of location of the resonator, neglected the second term in (4), took into 
account, that z r j = A zr f sin£ n /(3 zr f and the average value < sin 2 £ ra >= 1/2, where £ n is the value of 
the phase £ at the revolution n. 

The change of the square of amplitude of vertical betatron oscillations of a particle caused both 
quantum processes of scattering of laser photons and classical radiative damping simultaneously can be 
presented in the form dA 2 z /dt = dA 2 zl /dt + dA 2 2 /dt or 

dA 2 i2 P™ d ^hP r s ad n ,^ n 

2 = -A 2 Z ^ + ^ % (3 z (s)(3 zsc . (12) 



dt 2 £ s 5Al£ 



According to (12) the square of the equilibrium amplitude of vertical betatron of oscillations of a 
particle is 



and the time of radiative damping 

where A c = h/mc is the compton length of a wave of a particle; 7 S = e s /mc 2 , the relativistic factor of 
the equilibrium particles. For electron A c ~ 3.86 • 10~ n cm. 

According to the central limiting theorem the density of distribution of particles of the beam in a 
vertical plane is described by the Gauss law 

1 -4 

P(z) = 2^*e ^, (15) 
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where a z = A zeq /^/2 is the dispersion of the distribution of the density. Therefore the dispersion of the 

T z eql 



density distribution and the emittance of the beam of particles e z = cr z / f3 z we can present in the form 



aa= v^^ w " c ' e2= £^ sc (16) 

2.2 The equilibrium radial dimension of a beam determined by betatron oscillations 

The radial coordinate of a particle in a storage ring is x = x v + Xb, where x v is the deviation of an 
instantaneous orbit of this particle from equilibrium orbit and Xb, the deviation of the particle from 
the instantaneous orbit. The instantaneous orbit makes slow radial-phase oscillations relative to the 
equilibrium orbit, and the particle makes fast betatron oscillation relative to the instantaneous orbit. 

The expression for the deviation of a particle from the instantaneous orbit in the horizontal plane 
of the storage ring has the form identical to the form for the vertical oscillations. It can be obtained 
by replacing z by Xb in (1) - (3). Unlike vertical, the radial betatron oscillations are connected with 
radial-phase oscillations. The position of the instantaneous orbit of a particle is changed intermittently 
after scattering of a laser photon by the value 



5x v = W"T> ( 17 ) 



D x sc 

where D x = p(dx v /dp) is the dispersion function of the storage ring; p = f3j, relative momentum of the 
particle. If D x / 0, then with the intermittent change of an instantaneous orbit the amplitude betatron 
of oscillations will be changed intermittently as well. At that the inclination of the particle trajectory 
will not be changed. 

The change of the square of the amplitude of horizontal betatron oscillations of particles in the 
scattering point under the condition that at this point (3 ZSC = 0, 5xb = —5x v , looks like 

^Ibsc = -2xbs C Sx v + (Sx v ) 2 + 2pl sc x' bsc 5x' b + Pl sc {6x' b ) 2 . (18) 
The included in (18) values Sx' b are similar to the corresponding values (5), (10) for vertical oscillations: 

5x h i = — %— sin#cos0, fa fo2 = —x hn ^ m ° — . (19) 

In the general case D x depends on the longitudinal coordinate and can accept zero values in some 
points and on the lengths of straight sections of the storage ring. In the smooth approximation D x ~ 
aR ~ R/v~ 2 , where a = <9 In C/<91np, is the momentum compaction factor; C the perimeter of the 
trajectory; v x , the frequency of radial betatron of oscillations; R = C/2ir, the average radius of the 
storage ring. If D x = then the radial betatron oscillations will be described by the expressions like (16) 
for the vertical one if we will replace indexes z by x&: 



a ' xb = i^ s ^ x{s)Pxsc ' ex = i^ s Pxsc - (20) 

If D x 0, then in the expression (18) for the square of amplitude of oscillations, as a rule, can be 
neglected the fourth item. In this case the rate of growth of the square of the amplitude of radial betatron 
oscillations of particles caused by quantum processes of scattering of laser photons determined, according 
to (17), (19) by the values 5x v , Sx b2 , can be presented in the form 
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dA 2 xl _fdK 2 _ 7Dlhw m P™ d 2D XSC P™* 



dt J dcodt xosc 10/3 s 4 e 2 p2 £a 

where dN^/duodt = (/ /hoj)(dej/du>), de^/duo = 3e md [l — 2uo/uj m + 2{oj/u) m ) 2 ]uj/uj 2 rl is the spectral distri- 
bution of the energy of the scattered laser radiation; uj m = (1 + (3) 2 ^ 2 ujl, the maximal frequency in the 
spectrum of the scattered radiation. 

The rate of damping of the square of the radial amplitude of the particle betatron oscillations caused by 
the change of its energy in the radiofrequency resonator, according to (18), for the value Sx b2 , determined 
by (19), can be presented in the form 

j a 2 prad 

^ = fAA 2 x2 = -A 2 x2 ^-. (22) 

At the derivation of (22) we put (5' xr j = in the region of location of the resonator and took into 
account, that x r j = A xr fsm£ n /P xr f, < sin 2 ^ n >= 1/2. 

The change of the square of amplitude of radial betatron oscillations of a particle caused by a quantum 
processes of scattering of laser photons and classical radiative damping simultaneously can be presented 
in the form dA x /dt = dA 2 xl /dt + dA 2 x2 /dt or 

dA 2 x _ , 2 PT d , 7Trhc(l + (3 s ) 2 7 2 P™ d D 2 xsc 2D xsc P™ d 

dt ~ e s 10A L « + fte. Xb - [26) 

The radiative damping time of the amplitude of radial betatron oscillations of a particle according to 
(23) 

T~xb =T Z = p^J, (24) 

the square of equilibrium amplitude of these oscillations 



, 2 _ 0.7ttA c ( 1 + (3 s ) 2 ls D 2 
the dispersion of the radial distribution of the density and emittance of the particle beam 



» 0.35vrA c (l + (3 s ) 2 ls (3 x (s) 0.35vrA c (l + P s ) 2 ls D 2 xsc 

a *» = D * s i xJI €x = • (26) 

At the derivation of (25) we have assumed, that the laser beam has homogeneous density. Therefore 
prad does not depend on xj,, on the average Xj, = and consequently the last term in (23) can be 
neglected. According to (20), (26) the ratio o xh ja xh = y/Y/3(l + (3 s )7sD xsc /(3 xsc (3 2 . 

2.3 The equilibrium energy spread of a particle beam 

The energy of a particle in the storage rings e produce the synchrotron oscillations about the equilibrium 
energy e s . The difference between the energy of a nonequilibrium particle and the equilibrium energy is 
connected with the derivative of the particle phase dip/dt = = h(uj s — u) by the dependence 

Ae = ^- < 27 > 
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where K = — <91nu; r /<91n£ = (07^ — 1)/(7J — l)j w r = 2irf, h is the harmonic order of the radiofrequency 
voltage !-§. 

The equation of phase oscillations of a particle accelerated in the resonator and losing the energy by 
scattering of the laser beam photons can be received from the balance of the energy received by a particle 
at one revolution {de/dt)T = qU m cos 92 — e rad . Subtracting from the equation for the energy balance of 
a nonequilibrium particle the same equation for the equilibrium particle (de s /dt = 0, qU m cos ip s = e r s ad ) 
and taking into account (27) we will find 

.. huj 2 s K(e rad - e r s ad ) hqio 2 s KU mf . n 

s \ —--^ -(cosv?-cos99 s ) = 0. (28) 

2ire s 2ire s 

The linear equation of small phase oscillations, according to (28), has the form 

•• huj 2 s K(e rad - e r s ad ) ^ 2 , 

*l> + \ — + «V = 0, (29) 

27TE., 



where ip = tp — j3 s Cl, = uj s \/qhKU m sin <p s /2TTe s - 

If the laser beam is both homogeneous and motionless, its transverse dimensions are much greater 
than the transverse dimensions of the beam of particles, then in the relativistic case the value e rad = 
s rads ('j/^s) 2 for the backward compton scattering and e rad ~ D/l + D) for the backward rayleigh 
scattering in the field of the broadband laser beam, where D ~ 7 is the saturation parameter [l], 01- I n 
this case e rad — e r s ad = [de rad / de){/S.e) = kie r s ad (As/e s ), where ki = 2 for the backward compton scattering 
and ki = 1/(1 + D) for backward rayleigh scattering. In the considered case, the equation of the small 
phase oscillations, according to (27), (29), has a form 

U. prad 

$ + ?±J?—tP + = 0. (30) 

The equation (30) has the solution of the form ip = i) m (t) cos £l' (t — t ), where ipm = V'mO ex P( — t/ T s) 
is the amplitude of small phase oscillations, 

(31) 



U. prad '■ 



the damping time of the synchrotron oscillations of the phase and the energy of the particle; i/j m o, and 
to, the initial amplitude of phase oscillations and initial time; O,' = \/Q 2 — t s ~ 2 , the frequency of small 
phase oscillations of the particle. 

Usually J7r s < 1, fi ~ O. In this approximation the square of amplitude Tp m o expressed through the 
initial phase V>o and initial derivative of a phase ipo = (dip / dt)\ t= t has a form ip^o — ^0 + ^~ 2 V'o- Since 
the phase of the particle is not changed at the scattering of the laser photons, then the change of the 
square of the amplitude of phase oscillations after the emission of the photon of the energy Hlo can be 
presented in the form 

b^ m = $M + m 2 } ■ n- 2 , (32) 

where Sip = hKoj s {fiuj /mc 2 7 s ). 

The rate of growth of the average square of the amplitude of phase oscillations of a particle caused 
by quantum processes of scattering of laser photons can be presented in the form 



di> 2 m fdN 2 7A c h 2 KW s u; m P™ d 

-M m duj = ' ( 33 ) 



dt J dudt Ym 10mc 3 7 |O 2 
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In the process of calculation of (33) we have neglected the first term in Si/j^, since at the further 
integration over time it will disappear. The rate of growth of the average square of the amplitude of the 
energy oscillations of a particle, according to (27), d^Ae^/dt = {e 2 Vt 2 /h 2 K 2 u)^){dipm/dt). 

According to general rules (see (13)) the equilibrium values of the average squares of the amplitudes of 
the transverse and longitudinal oscillations of particles, and also amplitudes of oscillations of the square 
of their energy are determined by the product of the rate of growth of the appropriate values and the 
half of the time of radiative damping. Therefore, the square of the amplitude of the phase oscillations of 
the particle and the square of its amplitude of the energy oscillations, according to (31), (33), are equal 

w 11.27r 2 hKA c7s e s _3- 5.67rA c7 ^ 

The dispersions of the particle distribution in the beam for the radial-phase oscillations cr x „ = D x [3~ 2 
(a £ /e s ), longitudinal oscillations 07 = ip m R/hy2, and for the energy spread a £ /e s are equal: 



D x 2.8^A c7s KRu s ,a\ a e 2.8^A c7s 

ax *=m^k-> ai =—^ T s =\^k-- (35) 



According to (26), (35) the ratio o xb /a xri = (1 + (3 S )^ hD x sc f3 x (s) /2^2D x f3 x sc . 
2.4 The power of radiation scattered by a particle 

The energy of the laser radiation scattered by a particle at the passage of the laser beam depends on 
the distribution of the density of the number of photons in the beam. For Gaussian beam the density is 
distributed by the law 



„2 



n L = ^ Tr {—fe "i, (36) 

where Nl = el/Tiul is the number of photons in the laser beam; el, the energy of the laser beam; 1^, 

the length of the laser beam, = ctlo\J 1 + s2 /Ir> the dispersion of the distribution of the laser beam 
in any point s in the longitudinal direction; ctlo, the dispersion in the point s = corresponding to the 
waist of the laser beam; Ir = A-k(j l /\l, rayleigh lengthF]. 

If the longitudinal dimension of a particle beam <t& <C &Ir, then the change of the transverse dimension 
of the laser beam for the time of its interaction with the particle beam can be neglected. In this case 
the energy being lost by the particle moving at distances r <C o~l from the axis of the counterpropagated 
laser beam 

2 

e rad = ^n L (0)/ L a| 7>>1 = (37) 

where n^(0) = n^(r = s = 0), o = 87rr 2 /3 is the crossection of scattering of laser photons; r p = q 2 /mc 2 , 
classical radius of the particle; too = hu) max /2 = 2-f 2 huj L , average energy of scattered photons. In the case 
of compton (thompson) scattering of photons by electrons a = ot — 6.65 • 10 -25 cm 2 (r e ~ 2.82 • 10 -13 
cm). For the case of the rayleigh scattering of photons by ions the crossection is 10-15 orders higher. 

If bunches of the particle beams have the gaussian distribution, then the flow of photons emitted by 
one bunch A" 7 = J n e l p nLlifadxdz = N e Nifa/S e ff, where S e ff = 2it{o 2 L q + <r 2 ), l p is the length of 

2 Usually in the laser technology the dimension of the laser beam vjl =2gl is introduced 
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the bunch; N p , the number of particles in the bunch. Therefore the power of radiation scattered by one 
bunch 

P rad = huJN^ = 2 7 2 ^ L iV 7 = 2 7 2 ^^ (38) 

b eff 

where Pl = f^L is the average reactive power of the laser beam stored in the open resonator. 

2.5 Influence of synchrotron radiation on dynamics of particles in storage rings 

Below, for a comparison, we will present the equilibrium parameters of beams in storage rings determined 
by the influence of synchrotron radiation on dynamics of particles in storage rings - p] . 

If the losses are defined by the synchrotron radiation emitted in the bending magnets of the storage 
ring, then the power of radiation and the time of the radiative damping of amplitudes of vertical betatron 
oscillations are equal accordingly 

T.-^L, Tl'=™~ 354.86™ (39) 
3RR z cr e7 f T | v ; 

where R is the instantaneous radius of an orbit of a particle in bending magnets of the storage ring. 

The damping times t x , of the horizontal and longitudinal dimensions of a beam are approximately 
equal to t z . At that r^T 1 + r" 1 = 3t~ 1 . The equilibrium transverse emittance and the dispersion of the 
energy spread of the relativistic beam of particles are equal 



sr 13\/3A C sr C 7 A c7 2 f a A C , C i A c 



where C 7 = (55\/3/96) ~ 0.992 and J XjS ~ 1 -j- 2 are constants determined by the magnetic structure of 
the storage rings (J x + J s = 3). 

The dispersion of distribution of the electron beam density determined by the betatron and radial- 
phase oscillations in the smooth approximation are equal 



v z V 96 x vl V RJ X ' i/2 V J, 



The dispersions of the density of distribution of an electron beam over phases and in the longitudinal 
direction, according to (27), are connected with the dispersion of distribution of particles over the energy 
by the expressions 

%Ku) s a 6 KRuj s a £ 

^ = ^-t } ' °*=— (42) 

2.6 Life-time of particles in the storage rings 

The life-time of particles in the storage rings is limited by losses caused by various processes. For the 
case of multiple scattering of particles by photons of a laser beam 

T 

tLs = f-T, (43) 
Zr 

where r = Af im /Al , Af im and A 2 eq = 2a 2 is the square of the limiting amplitude and the square of the 
equilibrium amplitude of oscillations of the particle accordingly; r, the time of the radiative damping H. 
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In the case of phase oscillations A 2 q = 2a 2 , Af im = (Ae) 2 ep , where (Ae) sep is the maximal deviation of 
the energy of a particle moving along the separatrix from the equilibrium energy 



fA \ 2qV e s {sm ip s - ip s cos ip s ) 

(As) sep = y — . (44) 

In order to neglect the losses caused by multiple processes of quantum fluctuation of synchrotron 
radiation it is necessary to fulfil the condition (Ae) sep 3> a £ . 

The intrabeam interaction of particles of a beam results in loss them from the region of stable phase 
oscillations (Touschek effect). The time of life of particles in storage rings in the relativistic case 

T _ 87rj 2 a z ayai (Ae) 3 

^"^PiT 1, (45) 

where £>(£) = V£[-(3/2) exp(-f) + (f/2) / € °°(ln u/u) exp(-u)du+ (l/2)(3£-£ m£ + 2) J(ex.p(-u)/u)du], 
£ = [(Ae)p x / 7 e s a x } 2 . 



2.7 Limiting current of the storage rings 

The limiting number of particles in the beam of the storage ring is determined by the volume charge of 
the beam (coulomb repulsion). In the relativistic case R 



V / 2~7rzA;AzA;7 3 07 

Num = = = °z{<?z + cr x ). (46) 

tir P K 



2.8 Example 

In the Tables 1 - 3, as an example, the basic parameters of the electron storage ring, the electron and laser 
beam parameters and the parameters of the beam of scattered radiation are presented. It is supposed, 
that the interaction of the electron and circular polarized laser beams occurs in the straight section of 
the storage ring having zero dispersion function and small /^-function (f3 XjZ / sc = 1 sm). Outside of the 
region of interaction f3 X:Z (s) ~ R/v XjZ = 10 cm, D x = R/v 2 = lcm. The storage ring has large energy 
acceptance (Ae)a/£ s = ±0.1. One electron bunch regime is used. 

From the tables we can see, that in the conditions of small currents horizontal emittance and the 
horizontal dimensions of the electron beam determined by the synchrotron radiation (the laser is switched 
off) are much greater then the corresponding dimensions determined by backward compton scattering, if 
the interaction of the electron and laser beams occurs in the region with zero dispersion function. The 
vertical dimension of the beam determined by the synchrotron radiation is much less then the horizontal 
one. The vertical and horizontal dimensions of the beam determined by backward compton scattering 
are identical. The increase of the dispersion function of the storage ring to the value D x ~ R/v 2 leads to 
the increase of the horizontal dimension of the beam by the backward compton scattering approximately 
7 S = 10 2 times. 

The conditions of small currents in this example correspond to the currents ~ 0.1 mA. At the current 
100 mA we are forced to increase the dimensions of a beam artificially so that outside of the regions of 
interaction they were equal to the dimensions o z -a x -ai = 75- 150-4000/im. At that the life-time of a beam 
caused by intrabeam scattering of electrons (Touschek effect) reaches the acceptable values tJ oss ~ 10 3 
, and the coulomb repulsion shifts the frequencies of the betatron oscillations to the value Av ~ 0.2, 
that is close to the extremely possible shift] 3 ]. The increase of the horizontal dimension of a beam can 

3 On practice the shift Av ~ 0.4 is achieved J7|. 
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be achieved by a selection of a final value of the dispersion function at the interaction point (IP) or by 
excitation of betatron and phase oscillations of particles of the beam by a high-frequency fields. The 
vertical dimension of a beam can be increased by coupling of vertical and horizontal oscillations. Besides 
the coulomb repulsion the intrabeam scattering of the electrons leads to the increase of the transverse 
dimensions of the beam in this case Q] . 

The equilibrium energy spread of a beam of particles does not depend on the focusing properties and 
parameters of the radio-frequency system of the storage ring. It grows with the increase of the energy, 
decreases with increase of the laser wavelength (~ v7s/Al) and at the energy 50 MeV has rather large 
value (a e /e s = 1.3 • 10~ 2 ), and leads to hard requirements to the energy acceptance of the storage ring, 
and, hence, to the focusing forces. In this example we have limited the acceptance of the storage ring 
by the value (Ae)a/£s = ±0.10. Therefore with increase of the energy of particles in the storage rings 
it is necessary to go to the more long wavelength lasers. At the energy of particles 1 , = 20 /mi the 
maximal energy of scattered photons is increased from e 7m = hu> m = 50 keV up to e 7m = 1.0 MeV, and 
the energy spread of the beam of particles is not changed (~ 1.3%). 

The limiting currents in the storage ring are increased proportionally to the cube of the energy and 
in the inverse proportion to the electron beam crossection in the storage ring. Therefore the increasing 
of the energy of the storage ring will permit to reduce the dimensions of the beams and to increase 
the stored current. The transverse dimensions of the laser beam must be greater then the transverse 
dimensions of the electron beam (in the considered example ox = 50 /mi, a XjZ = 23.7 /mi in the region of 
interaction). The decreasing of the electron beam current up to 10 mA and the appropriate decreasing of 
the transverse dimensions of the electron and laser beams the power of scattered radiation is not changed, 
and the brightness is increased. 

The basic advantage of the storage rings compared with the linear accelerators as the sources of the 
hard electromagnetic radiation consists in the fact that the scattering of the laser photons by electrons 
do not lead to losses of these electrons, and the electrons are used repeatedly. In the considered case the 
losses of electrons are determined by the multiple processes of scattering in the field of the laser beam 
and by Touschek effect. For the life-time rf oss ~ 10 3 the electron makes N e ff = fTi oss ~ 10 11 revolutions 
and lose the energy Ae/ oss = eV s N e ff ~ 10 13 eV ~ W 7 e s . Therefore without losing of the efficiency the 
life-time of the beam can be decreased, and the frequency of the injection of electrons can be increased. 
Thus the requirements to vacuum in the storage ring and to the value of the energy acceptance can be 
reduced. 

The energy of the electron is changed by the value e 7 <C e sep < (Ae)^ in the process of scattering of 
the laser photons. Therefore the single losses of electrons in this process are absent. 

It is interesting to note, that in the considered case the average value of the jump of the electron 
energy caused by scattering a photon is much greater then the increase of the energy of the equilibrium 
electron per one revolution (e 7m /2 3> eV s ), and the probability to the electron to scatter a photon at 
the passage of the laser beam is small (2eV s /(Ae)~ im ~ 4.0 • 10~ 2 ). It means, that the trajectory of the 
electron produce on average two jumps at one period of phase oscillations {Q/uj s = 2 • 10~ 2 ). At the same 
time the above mentioned expressions for the equilibrium amplitudes of phase oscillations remain valid, 
as at their derivation we are not used any restrictions on probability of the emitting of photons. 

In the considered storage ring, as well as in the similar storage ring discussed in ||, the harmonic 
order of the radio-frequency generator is chosen equal to h = 60. It corresponds to the wavelength of the 
generator X r f ~ 10.5 cm. Such harmonic order is convenient at the construction of the small-dimensional 
radio-frequency resonator. However it is possible to reduce the harmonic order of the generator, the 
voltage and the quality of the resonator. So at the harmonic order h = 4 (A r / = 1.57 m) the amplitude of 

4 There are projects of storage rings, in which the energy acceptance is equal (A£)a/es = ±0.25 B. 
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the voltage at the gap of the resonator will be decreased to the value V m = 16.7 kV, and the dimension of 
the separatrix will not be changed ((Ae) sep /e s ~ 0.073). At that the equilibrium transverse dimensions 
of the beam will not be changed, and the longitudinal dimension will be increased up to acceptable 
dimension af cs = 7.4 mm < Ir. The equilibrium voltage in this case remains much smaller then the 
amplitude of radio-frequency voltage. The analogical remark can be done relatively to the focusing force. 
It is important to have the zero dispersion function and low /3-function in the straight section of the 
storage ring. Less important is to have very high tunes. 

The use of supermirrors and storage rings with straight sections having zero dispersion function 
allows to lower the beam dimensions and to increase the power of the laser radiation in the resonator 
up to the values, when the losses of the energy of the electron in the storage ring through the backward 
compton scattering of the laser photons become much greater than the losses of the energy through 
the synchrotron radiation. Thus the radiative damping times of the amplitudes of radial and phase 
oscillations are decreased essentially. It allows to lower the influence of the intrabeam scattering inside 
the electron beam and the influence of the emission of hard backward scattered laser photons on the 
excitation of betatron and phase oscillations. 

The considered source has the emittance = 7.3 • 10~ 9 cm in a conditions of small currents (i < 1 
mA) and the emittance e^l b = 5.4 • 10 -5 cm at the current i = 100 mA. It can be classified as the light 
source of the third generation^. The compactness, small cost, smooth tuning of the frequency, narrow 
range of generated waves, high average photon flux and brightness discovered in the papers Q, are 
invaluable quality of such sources. They, without doubts, can find the wide region of applications. 

The storage ring RHIC, considered in PJ, [13] allows to receive ion beams l ) 1 9 Xe 47+ with the energy 



spread (a £ /e) bcs = 1.2 • 10~ 4 and the emittance e^j, = 8.0 • 10~ 12 cm at the relative energy 7 ~ 100. 
This is the more expensive and bulky storage ring. At the same time it allows to proceed to the light 
sources of the fifth generation [|TJ]] . 

2.9 Some applications of the backward compton and backward rayleigh sources of 
hard electromagnetic radiation 

For the first time the sources of the backward compton scattering were discussed in the papers [|l5|], [16]. 
Coherent scattering of electromagnetic waves by electron beams was considered. Later the incoherent 



scattering of photons of a laser beam by ultrarelativistic electrons was considered in the papers [17] 



[18] and realized in papers |T9| (nonrelativistic beams) and |2C], plj (relativistic beams). The scattered 



7-quanta were used in the fields of nuclear physics and diagnostics of electron beams. 

Later the production of circular polarized backward compton 7-quanta and using them in the con- 
version systems for the production of the longitudinally polarized positron beams and in nuclear physics 
was discussed in papers p2| - |27]][] In the paper |^] the intraresonator scheme of interaction of electron 
and laser beams was considered. This scheme was realized later in papers p9| , |3C| ] (in the regime of the 
free-electron laser). In the paper |3l| the current 0.5 was stored in the storage ring NIJI-1 SR (maximum 
energy 270 MeV) at the energy 163 MeV. This and similar papers stimulated the interest to investigations 
of compact storage rings as the sources of x-ray radiation for medical and other applications |3^] . In the 
paper [53] the use of supermirrors was suggested to increase the power of the scattered radiation. 



In papers [34] - [37] the attention was paid to the rayleigh scattering sources. In this case the scattering 
crossection of a photon by bound electron in ion at resonance is many orders (~ 10 -j- 15) higher then the 
compton one and hence the power of scattered radiation is higher. 



3 According to accepted classification Jl^] - Jll[ the light sources of the third generation have emittances t^, cs zb < 1.0- 10 



cm, and the light sources of the fourth generation will have the emittances e* c * 6 < 1.0 • 10 
6 The scheme using the helical undulator was discussed in these papers as well. 
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In the papers [|l|], 0, it was shown that the scattering of laser photons by ions in the storage rings 
leads to the three-dimensional radiative cooling of ion beams and, simultaneously, to the excitation of 
the amplitudes of betatron and phase oscillations of ions in the beam. The equilibrium parameters of 
ion beams according to developed theory will differ from similar parameters of beams determined by the 
synchrotron radiation. To reduce the influence of the quantum excitation of amplitudes of betatron and 
radial-phase oscillations it was suggested to use the zero dispersion function at the IPQ 

In the paper || it was shown, that the use of radiative damping in electron storage rings of the 
intermediate energy, supermirrors and modern lasers allows to generate the beams of scattered photons 
with the power exceeding the power of the synchrotron radiation from the orbit of these storage rings 
at higher hardness and brightness. At that the damping time of amplitudes of electron oscillations is 
decreased, the influence of the intrabeam scattering on the emittance of the beam is decreased. This paper 
stimulated a series of papers devoted to sources of backward compton scattering and their applications 
[38 1 - [40], @. In papers [41] - the attention was paid on the opportunity of effective self-polarization 
of the positron beams in the storage rings with special magnetic structure in the field of the circular 
polarized laser beam. 



3 Radiative effects in laser-electron and laser-ion storage rings in dy- 
namics 

In the previous section we have considered the dynamics of particles in storage rings in the field of a 
homogeneous counterpropagated laser beam in stationary regime. In this case the transverse dimensions 
of the laser beam were greater, than the dimensions of the particle beam and their axes coincided. At the 
same time we have derived the general formulas (23), (28) allowing to consider the dynamics of particle 
beams interacting with an arbitrary targets (undulators, laser beams, material media). The targets could 
be non-uniform and could be moved (oscillate) in the radial direction (or, the orbits in the storage rings 
could be moved in the backward direction). These formulas are 

dAl _ 2 Pr d 7Khc(l + (3 s )W s P r s ad Dls C 2D xsc P rad un 
dt x e s + 10A L /? s 4 e2 0i e , fc ' K ' 

huj 2 s K(e rad - e r s ad ) hquj 2 s KU m , 

y3+ s \ — - cosp-cos^ = 0. (48) 

2irs s 27T£ S 

The values e rad and P rad = fe rad in (47), (48) usually depend on the energy of particles, effective 
thickness of a target in a radial direction and on time by the law e rad = F\(x, 4)^2(7), where x = Xb + x^ is 
the deviation of the particle from the equilibrium orbit. The deviation x^ is determined by the deviation 
of the relative energy 7 from the equilibrium one and by the dispersion function . For the stationary 
regime and non-uniform target the value 

£ ra d = £ ra d + ^^Lfo + ^ + ^^^7 

ox am 7 7 S 

In the case of cooling of the electron and ion beams in the field of the laser beam the second term 
in (49) is equal <9 In i<2/<9 In 7 = k^. In a case of ionization cooling of muon beams this term is much less 
then unit and has more complicated dependence on energy. 



7 The using of damping wigglers and undulators in storage rings, installed in the straight sections, with zero dispersion 
function has allowed to reduce the emittances of electron beams (three orders) jjj] and to proceed to light sources of the 
third generation. 
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The second term in (49) is differ from zero only in the case, when the target is non-uniform in radial 
direction (axis of a beam of particles is on the slope near to caustic of the laser beam or, in case of cooling 
of muon beams, wedge target is used). 

The expressions (47) and (48), according to (49), can be presented in the form 

^£ A^^n DzscdlnFi 7Trhwith(l+P s ) 2 1 2 s Pr d D 2 XS c ,^ 
dt x e s 1 (5 2 s dx j+ 10A L /? S %2 ' [0U) 

* + ^{h + + nV = 0. (51) 

According to (50), (51) the increase of damping decrement of amplitudes of betatron oscillations of 
particles leads to the decrease of the damping decrement of amplitudes of phase oscillations in the same 
degree. The sum of decrements is a constant (analogue of the Robinson criterion of damping). The 
decrements can accept negative values. 

The non-stationary regime of interaction of being cooled particle beams with targets was developed in 
0] for the case of the unbunched beams. Switching on a radio-frequency accelerating field will complicate 
the problem. This problem will be considered in the separate paper. 

4 Conclusion 

In this paper the detailed derivation of the equations describing the dynamics and equilibrium dimensions 
of the particle beams interacting with the laser beams in storage rings is presented. Brief derivation of 
these equations was given in the papers jL], || for ion beams and in the paper || for the electron beams^]. 
The general non-stationary case of interaction of particles with a target is considered. The example is 
presented to illustrate the problem to estimate the possible range of the energy of electron storage rings 
and the hardness of scattered radiation proceeding from life-time of the electron beam in the ring. Some 
applications of the being cooled beams were discussed. 

The author would like to thank Prof. Mitsuru Uesaka, A.Mikhailichenko, and Zhirong Huang for 
useful references and discussion of some topics of this paper. 



8 A misprint is in the equilibrium energy spread (as = a £ /e) in J3j (corrected in Q]). In Q the value (as = 2a £ /e) 
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TABLE 1. Electron storage ring parameters (J x — 1, J v = 2) *. 



Energy [MeVJ 


£ = 50 


a i • r i 

Average radius [mj 


R = 1 


instantaneous radius [m] 


R = 0.5 


Horizontal/vertical tunes 


Vx,y = 10 


/3-function [cm] 


Px,z fO, P x ,zsc 1 


No of electrons (aver, current [mA]) 


iV e = 1.3 • 10 10 (7 = 100) 


Current in a bunch [A] 


i 6 = (C/2(7,)? = 74 


.Frequency of resonator [MHz] 


2856 (A r / = 10.5 cm) 


Harmonic order 


h = 60 


rib peak voltage [kv] 


250 


Damping time of amplitudes 
of radial betatron and 
phase oscillations [sec] 


rf = 1.774, 

—fees i qq 1 n — 2 

T x z = 1.28 • 10 
T bcs = 6.5 • lO" 3 


Equilibrium energy spread 


{cr £ /e) = 4.38 • 10 
(a £ /e) bcs = 1.3 • 10" 2 


Equilibrium transverse emittance [cm] 
(D x = 0, /3 Z>XSC = 1 cm) 


4 = 7-7 • 10 ' 
6^ fe = 7.3-10- 9 


Transverse dimensions at IP [/im ] 
{D xsc = 0, I3 Z>XSC = 1 cm) 


<b = 8-75 
^ 6 = 0.854 


Equilibrium transverse emittance [cm] 
(D xsc = 0.5 cm, (3 Z:XSC = 1 cm) 


e 3 J = 7.7 ■ 10~ 7 
e b x cs = 5.4 • 10~ 5 


Transv. beam dimensions at IP [/im] 
(D X8C = 0.5cm, (3 Z , XSC = 1 cm) 


<Zb = 23 - 7 


Transv. beam dimensions 
outside of the IP [/im] 


^xlf = 75, cr bc ^ = 65, 
o- x ~ 10 2 


Longitudinal beam dimensions [mm] 


of = 8.49 
o-^ 5 = 3.8 


Relative frequency 


n/uj s = 2.2 • 10~ 2 


lVTaxirnal enerpv deviation 


fAeL^/e. = 073 


Energy acceptance 


(Ae)Ve. = ±0.1 


Tiifp-tiTTip taprl 

J_Jl.Lv; IjlJ.llC' uvv 


t, c ' —56- 10 3 
rLs = 7-1 • 10 2 


Accepted beam dimensions at IP [/im] 


bcs _ no 7 fees _ n 
°xfesc — ZJ - ' ' "a;^ ~ U ' 

ai = 4 • 10 3 


Accepted beam dimensions outside IP [/im] 


-.fees _ 7c 6cs _ 1 on 
°xbsc— '°> "x?} ~~ lou ' 

o-^. = 150, <r, = 4 • 10 3 


Limit, number of electrons for a z ■ u x ■ 07 
= 75- 150-4200 /im 3 ; Au = 0.2 


N lim = 1.34 • 10 iU 
{ilim = 100 mA) 



* Emittances and dimensions of beams are calculated in one-particle 
approximation (coulomb repulsion and intrabeam scattering are neglected.) 
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TABLE 2. Laser and optical resonator parameters. 



Wavelength [cm] 


\ L = 1 • io- 4 


Photon energy [eV] 


huj L = 1.24 


Laser pulse length [cm] 


l L = K\ L = 1.0 


Distance between wave packets [m] 


L wp = 2irR = 2vr ~ 6.3 


Laser beam waist radius [cm] 


a L = 5 • 10 -3 


Rayleigh length [cm] 


l R = 4no-'i/\ L = 3.14 


Laser bunch energy in resonator [J] 


£L = 2 J 


Resonator quality 


Q = 1/(1 - R r ) = 1.0 • 10 4 


Damping time of laser beam in resonator [sec] 


r r = QL wp /c = 2.1 • 10~ 4 


Reactive laser pulse power in resonator [GWJ 


P b = 60 


Pulse intensity in the waist [(W/cm) 2 ] 


/ = P b /2ira 2 L = 3.82 • 10 14 


Magnetic field strength in the waist 


B± m = yj2P L /ca 2 L ~ 6.8 • 10 5 Gs 


Deflecting parameter 


P± m = eB m /2irmc 2 = 6.4 • 10 -3 


Electron energy losses per revolution [keV] 


eV s = 1.06 


Laser pulse duration [sec] 


T L = 10" 3 


Frequency of laser pulses [Hz] 


/l = 50 


Laser pulse power [kW] 


P L = e L - f/Q = 9.5 


Average laser power [W] 


Pl = Pl- r L f L = 475 



TABLE 3. Parameters of the X-ray beam. 



The maximal energy of photons [keV] 


^■■ym — 50 


Pulse power of the beam [W] 


prad nc 

r imp ~ vo 


Average power [W] 


P rad = PZt -TL-f = 4-74 


Photon flux [sec -1 ] 


imp = P rad /hZJ = 2.37 • 10 16 


Photon flux in the range 
ALL>/uj m = 0.1 [sec -1 ] 


AiV 7imp = (3P rad /fiu; m )(Aio/u m ) 
= 3.6 • 10 15 


Average photon flux [sec -1 ] 


iV 7 = N^ mp ■ r L ■ f = 1.19 • 10 14 


Average photon flux in a range 
Auj/tOm = 0.1 [sec -1 ] 


AiV 7 = N lim p ' t~l • f 
= 1.8- 10 14 


Duration of pulses [sec] 


t — ID -3 

1 x—ray — ±u 


Frequency of pulses [Hz] 


fx— ray — 50 


Duty cycle 


S 7~x—ray ' fx— ray 5 * 10 



18 



